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Dielectronic Recombination of Heliumlike Nickel
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The dielectronic recombination excitation function for He-like Ni + ions has been measured. The
Ni + ions were created and held in an electron-beam ion trap, and K x rays were detected. Several
features were observed, including resonant excitation of Ni + x rays and the transition from dielectronic
recombination to direct excitation at threshold. The cross section for the KLL dielectronic recombina-
tion resonances relative to radiative recombination has been measured, and agrees with theoretical cross
sections calculated using the multiconfiguration Dirac-Fock model.

PACS numbers: 34.80.Kw, 32.80.Hd, 52.25.Nr

Dielectronic recombination (DR) is an important pro-
cess in hot plasmas, affecting the ionization balance,
emitted x-ray spectrum, and kinetics of the plasma. In
recent years colliding-beam DR cross-section measure-
ments have begun to appear for low ionization stages.
These measurements involve An =0 transitions in open-
shell ions with transition energies ~ 100 eV. ' Howev-
er, no measurements of DR cross sections have been
made for higher ionization stages (such as He-like Fe
or Ni +), which are produced in tokamaks and solar
Hares. For these ions, the most significant excitations
are for h, n ~ 1, and therefore require a much higher in-
teraction energy. An analogous process, resonant
transfer and excitation in ion-atom collisions, has been
measured (for K-shell excitations) in ions with net
charge up to q =20, with results in reasonable agree-
ment with theory. '

Dielectronic recombination occurs when an electron in
the continuum is resonantly captured and produces a
doubly excited state, followed by x-ray emission to a sta-
bilized bound state:

The related process of resonant excitation (RE) occurs
when the intermediate state decays by autoionization to
an excited state, leaving the charge state of the ion un-
changed. The excited state decays by x-ray emission:

2'++e —[A " '+]**—[A'+]*+e
~ A~ + /RE+8

RE can only occur for an incident electron energy
greater than the direct excitation threshold for the x ray.

The resonance strengths for nonoverlapping DR reso-
nances can be expressed in terms of the Auger and radia-
tive widths of the resonances:

S(d,f)—:„a(d,f,E)dE

where d and f refer to the resonant and final states, re-
spectively, QA„and gA~ are the total radiative and
Auger widths, g; and gd are statistical weights for the in-
itial and resonant states, respectively, and k; is the in-
cident electron wave number. For hn&0 transitions,
A„a:q for an isoelectronic sequence, while the Auger
widths remain roughly constant as a function of ion
charge q. For q = 20, 2, and A& become comparable in

size, making this region a particularly interesting one to
study.

In the present experiment, the He-like Ni + ions
were held in the electron-beam ion trap (EBIT) at
LLNL. This apparatus traps highly charged ions in the
space charge of an electron beam, which also serves to
ionize, excite, and recombine with them. EBIT is de-
scribed in more detail elsewhere. '" The DR excitation
function was measured by detecting the [Ni +]**K x
rays emitted at 90 to the electron beam direction with a
planar Ge detector. For He-like target ions, exactly one
K x ray is produced per DR, so, for a static ionization
balance, the number of E x rays observed at a given
beam energy is proportional to the DR cross section at
that energy. This technique was first used by Briand et
a/. with an electron-beam ion source from which an x-
ray signal from DR of Ar' + was observed. '

On resonance, the DR cross section for Ni + target
ions is larger than the ionization cross section for Ni
target ions, so setting the beam energy to a DR reso-
nance will destroy the initial He-like charge state. An
electron energy timing pattern designed to minimize this
effect was used. After injection of low-charge-state ions
into the trap, the electron beam energy was set to an
"ionization energy" of 10 keV, at which no DR or RE
occurred and the fraction of He-like ions was maxi-
mized. After a delay of 300 ms, in which the ionization
balance came to equilibrium, the electron energy was
dropped to the "probe energy" for a short time (typically
between 4 and 16 ms), and the DR x rays were observed.
The beam current was adjusted in proportion to the elec-
tron velocity to maintain a constant beam space charge
in the trap. After the probe time, the beam energy was
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changed back to the ionization energy for a time long
enough to allow the charge-state balance to recover (typ-
ically about 70 ms). The probe-and-reionization cycle
was repeated many times for each data run. An excita-
tion function was constructed by taking data runs at
different probe energies. The n =2 1 direct excitation
x rays from the common ionization energy provided a
monitor of the number of Ni ions in the trap.

Typical spectra taken at the ionization energy and on
and off' resonance are shown in Fig. 1. The background
of non-DR x rays seen in Fig. 1(c) comes from radiative
recombination (RR) and from contamination of the trap
with elements other than Ni; however, both these eff'ects

contribute a background of less than 1% of the peak sig-
nal. The n =2 1 and n =3 1 x rays are well

separated from each other and from the higher members
of the K series. Therefore, we present separate excita-
tion functions for these three energy bands in Fig. 2. We
use the usual Auger notation to label the various reso-
nances; the KLL resonances, for example, have an inter-
mediate state in which an electron is captured into the L
shell and another is excited from the K shell to the L
shell.

Three interesting features that have never before been
directly observed are apparent in these data. First, the
centroid of the n =2 1 component of the KLM reso-
nance feature is at a higher energy than the centroid of
the n =3 1 component, reflecting the diff'erent distri-
bution of resonance strength for the two decay channels.
Second, the intensity of the x rays in the n ~ 4~ 1 ener-

gy band shows a sudden drop at the n =2 1 direct ex-
citation threshold, corresponding to the change from an
electron bound in a high Rydberg level to a free electron.
Third, the RE process is evident in the dominance of the
n =2 1 radiative decay channel for the KMM reso-
nances. RE is particularly interesting because the Li-
like KMM intermediate states can either Auger decay to
the He-like n =2 states, yielding an n =2 1 x ray, or
they can radiatively decay, usually yielding an n =3 1

x ray. For the KMM and KMN resonances, our data
show a larger signal in the n =2~ 1 channel than in the
n =3 1 channel, implying that the L-shell Auger rate
is larger than the radiative decay rate for these reso-
nances. It has been pointed out' that the RE enhance-
ment of n =2 1 x-ray lines will be even larger for
lower-Z elements since A„~q, while the Auger rates
remain roughly constant.

We now present a detailed comparison of experimental
results and theoretical predictions for the KLL DR reso-
nances. In the theoretical calculations, the atomic ener-

gy levels and bound-state wave functions were calculated
using the multiconfiguration Dirac-Fock (MCDF) model
in the extended average-level scheme. The effects of
quantum-electrodynamic corrections, finite nuclear size,
and relaxation were included in the calculations of the
transition energies. The detailed relativistic Auger and
radiative rates for each autoionizing state were calculat-
ed using first-order perturbation theory. Any possible
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FIG. 1. Typical x-ray spectra taken with a Ge detector at
diAerent electron beam energies E, : (a) at the ionization ener-

gy (10 keV), (b) on It'LL resonance (5.42 keV), (c) off reso-
nance (5.14 ke V).

FIG. 2. Dielectronic recombination excitation function of
Ni + target ions for three separate x-ray bands. Note that the
cross section for n=2 1 x rays merges smoothly into the
impact-excitation cross section at the Ka threshold.
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angular correlation between the x-ray emission and the
incident electron beam was neglected. Because the DR
resonances have much narrower widths than the beam
resolution, they were treated as 6 functions normalized
to the energy-averaged cross sections as defined by
Lagattuta and Hahn. ' There are sixteen KLL DR reso-
nant states from 1s2s, 1s 2s 2p, and 1s 2p configura-
tions, of which eight make sizable contributions to the
DR cross section. The dominant contribution is from the
is2p DJ (J= 2, —', ) states. A more complete presenta-
tion of the techniques used in these calculations is given
in Ref. 16.

The data were Arst corrected for instrumental dead
time and the charge-state depletion that occurred during
the observation of DR. We measured the x-ray yield for
various combinations of probe time, ionization time, and
beam energy to determine the depletion and reionization
rates. The largest correction applied was about 10%, for
a probe energy at which the depletion was directly mea-
sured, so any systematic error from this procedure is
small.

The number of ions in the trap and the ion-beam over-
lap cannot be measured directly, so an absolute measure-
ment of the cross section is impossible. Instead, we nor-
malize to RR for the same target ions at energies just
above and below the DR resonances, using a technique
similar to that of our electron-impact excitation stud-
ies. ' The theoretical RR cross sections were calculated
using a relativistic distorted-wave code. ' The n=2 RR
cross sections used for the He-like charge state were
da/d rt (90') =7.01 b/sr at E, =5.2 keV and 6.03 b/sr at
E, =5.7 keV. The estimated Ni charge-state distribu-
tion in the trap was used to extract the contribution of
He-like ions to the observed RR x-ray intensity, as
shown in Fig. 3. The systematic error introduced by this
procedure is small, since the total contribution from
non-He-like charge states is less than 15%, and both the
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RR and DR cross sections do not vary dramatically with

charge state. ' '
The electron beam energy distribution and Ni charge-

state distribution were estimated from a At of the experi-
mental data with the relative theoretical DR resonance
strengths for each charge state. The fitted beam energy
distribution was a 54-eV-F WHM Gaussian. An in-

dependent measurement of this width was performed by
placing a Kr gas cell in front of the detector and varying
the electron beam energy so that RR x rays from H-like
Ni disappeared under the Kr K edge. The preliminary
results of this measurement (57+ 5 eV FWHM) are
consistent with the results of the DR fit. An electron en-

ergy ofI'set of 77 eV was applied to the data to match the
theoretical resonance energies, which can be calculated
to very high accuracy. This off'set is consistent with the
estimated size of the space-charge potential from ions in
the trap, and in agreement with the energy off'set derived
from the fit to the RR x rays.

The validity of the analysis procedure was tested by
analyzing excitation functions taken with difrerent beam
currents, probe times, and initial charge-state distribu-
tions. All gave consistent results. Data taken with a
probe beam current of 74 mA are shown in Fig. 4, to-
gether with the theoretical DR resonance strengths con-
voluted with the beam energy distribution. The apparent
excess cross section at higher electron beam energies re-
sults from non-He-like Ni charge states in the trap. Ex-
citation functions taken with a smaller He-like charge
fraction showed larger DR signals at the energies pre-
dicted for lower charge states.
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FIG. 3. Fit of the radiative recombination feature in a typi-
cal x-ray spectrum. The charge-state distribution was estimat-
ed from a fit to the shape of the KLL DR resonance peak. A
background peak appears from RR of Ba ions in the trap.

FIG. 4. Comparison of experiment and theory for the KLL
dielectronic recombination feature. The stick diagram shows
the locations and relative amplitudes of the calculated reso-
nances for the He-like target ions. The curves are the theoreti-
cal resonance strengths folded with the electron beam energy
distribution (solid: He-like only; dashed: estimated charge-
state distribution). The systematic error in the normalization
of the data is 11%.
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The overall normalization uncertainty in the deter-
mination of the cross sections from comparison with the
RR x rays is estimated to be 11%, including a 3% uncer-
tainty in the theoretical RR cross sections. Measure-
ments of the relative ion-beam overlap at electron ener-
gies just above and below the KLL resonance showed a
reproducible change over the energy interval. Since the
origin of this efI'ect is not well understood, the average
value was used and the entire difference included in the
quoted uncertainty. The total DR resonance strength in
the KLL resonances for He-like Ni target ions, correct-
ing for non-He-like charge states, is measured as
(6.8+ 0.8) x10 ' cm eV.

In conclusion, we have demonstrated a powerful new

technique for the measurement of dielectronic recom-
bination in highly charged ions, and have made the first
direct measurement of DR for h, n ~ 1, providing an ac-
curate measurement of the summed KLL resonance
strength and some information about the distribution of
the resonance strength. This technique allows the de-
tailed study of all radiative electron-ion excitations in

highly charged ions.
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